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Coat proteins (CPs) of geminiviruses are multifunctional proteins. Using transient expression experiments, we have recently identified
putative sequence motifs of African cassava mosaic virus (ACMV) CP involved in nuclear import (NLS) and export (NES) (Virology 286
(2001) 373). Here, we report on the effect of corresponding deletion mutants in the context of infecting viruses. Since NLS and NES may
overlap with DNA binding and multimerisation domains, we have investigated their effect on viral infection, particularly, on particle
formation. All deletion mutants were infectious in Nicotiana benthamiana when co-inoculated with DNA B, but poorly sap-transmissible.
Some of the mutants showed reduced levels of viral single-stranded DNA (ssDNA), whereas the amount of double-stranded DNA (dsDNA)
was not greatly affected. None of these CP mutants was able to produce stable virus particles. In contrast, viruses with CP fused to Flag
epitopes at the N- or C-terminus (CP:Flag or Flag:CP) were readily sap-transmissible and formed amorphous nucleoprotein particles but only
few geminate structures. The relevance of the identified sequences in replicating viruses with reference to nuclear import and export as well as
to particle stability and DNA binding is discussed.
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Geminiviruses are a large and diverse family of small
plant viruses and represent major pathogens of monocotyle-
donous and dicotyledonous plants in tropical, subtropical
and, to a more limited extent, temperate regions (Bock, 1982;
Brown, 1994, 2001). Their genome comprises one or two
circular single-stranded DNAs (ssDNA) of 2.5–3.0 kb
which are encapsidated in characteristic particles consisting
of two incomplete T1 icosahedra joined together to produce
a unique twinned particle structure of approximately 20 
30 nm (Zhang et al., 2001). Geminiviruses are divided into
four genera on the basis of their genome organisation, insect
vector, and host range (Fauquet et al., 2003; Rybicki et al.,
2000). The genus Begomovirus includes viruses which are
transmitted by the whitefly Bemisia tabaci (Gennadius) to
dicotyledonous plants and have either mono- or bipartite
genomes (DNAs A and B).0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2003.09.003
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both genomic components of bipartite begomoviruses con-
tains cis-acting signals required for viral DNA replication
and transcription. DNA A encodes the coat protein (CP) as
well as proteins required for replication (Rep and REn) and
gene regulation (TrAP), ORF AV2 is found only in bego-
moviruses from the Old World (Fig. 1). The two gene
products (NSP and MP) encoded by DNA B are involved
in virus spread and symptom production (Frischmuth,
1999).
Although bipartite geminiviruses do not require the coat
protein for systemic infection of some plant species
(Gardiner et al., 1988; Guevara-Gonza´lez et al., 1999;
Pooma et al., 1996; Stanley and Townsend, 1986; Sudar-
shana et al., 1996), symptoms are often attenuated and the
onset of symptoms is delayed when plants are systemically
infected with CP mutants (Azzam et al., 1994; Brough et al.,
1988; Etessami et al., 1989; Gardiner et al., 1988; Guevara-
Gonza´lez et al., 1999; Ingham et al., 1995; Pooma et al.,
1996; Ward et al., 1988). In addition, reduced levels of viral
ssDNA were observed in CP mutant-infected plants or
protoplasts, although the amount of viral double-stranded
DNA (dsDNA) was not affected (Azzam et al., 1994;
Fig. 1. (A) Genomic map of ACMV DNA A plasmid pACMV1.8A. Solid arrows define the position, orientation, and reading frame of the viral genes. The
common region (CR) for both genomic components is indicated by shaded boxes. The positions of primers and restriction sites used for cloning of DNA A
constructs or characterisation of viral DNA are indicated. (B) Amino acid sequence of ACMV coat protein. Amino acid residues previously identified to be
implicated in transport functions and deleted in this study are given in bold and underlined.
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Townsend, 1986; Sunter et al., 1990). On the contrary, the
CP of monopartite geminiviruses is essential for viral spread
(Boulton et al., 1989; Briddon et al., 1989; Lazarowitz et al.,
1989; Liu et al., 1998; Rigden et al., 1993).
The coat protein of geminiviruses is a multifunctional
protein. It determines vector specificity (Briddon et al., 1990;
Ho¨fer et al., 1997; Ho¨hnle et al., 2001) and protects viral
DNA during transmission by the insect vector (Azzam et al.,
1994) or mechanical transmission (Frischmuth and Stanley,
1998). Sequences important for transmission have been
mapped in the central part of the protein (Ho¨hnle et al.,
2001; Kheyr-Pour et al., 2000; Noris et al., 1998), whereas
the DNA binding domain was localised to the N-terminal
half of the protein (Liu et al., 1997; Qin et al., 1998). N-
terminal and C-terminal sequences as well as amino acids in
the insect-transmission domain seem to be also involved in
multimerisation (Hallan and Gafni, 2001; Noris et al., 1998;
Qin et al., 1998; Zhang et al., 2001). Apart from viral
ssDNA, CP is the only known structural component of the
virus particles (Lazarowitz, 1992). One hundred ten CP
monomers are arranged in 22 pentameric capsomers produc-
ing the geminate particle morphology (Francki et al., 1979).
The structure of maize streak virus (MSV) particles was
recently determined in closer detail and MSV CP was
modelled as an eight-stranded, antiparallel h-barrel (Zhang
et al., 2001).
After injection of a geminivirus into a plant cell by its
insect vector, the viral genome must be imported into the
nucleus where viral replication and transcription take place.
Microinjection experiments with MSV and Tomato yellow
leaf curl virus (TYLCV) suggest that nuclear import of the
viral DNA upon initial infection is mediated by the coat
protein (Liu et al., 1999; Rojas et al., 2001). After translation
in the cytoplasm, newly synthesised CP has to enter thenucleus to encapsidate viral ssDNA. Putative nuclear local-
isation signal (NLS) sequences have been identified in the
coat proteins of mono- and bipartite geminiviruses (Kunik et
al., 1998; Liu et al., 1999; Qin et al., 1998; Unseld et al.,
2001).
We previously identified three regions within the coat
protein of African cassava mosaic virus (ACMV), a bipartite
begomovirus, that mediate the nuclear import of a GFP
fusion protein: one is in the C-terminus, a tripartite NLS
was characterised in the N-terminus and a central domain
(amino acids 100–127) mediates both import and export as
well as targeting of CP fusion proteins to the cell periphery
(Unseld et al., 2001). In the present study, we have intro-
duced deletions in these regions of the ACMV CP in
infectious virus clones. Since they also overlap with DNA
binding and multimerisation domains, their effect on viral
infection and on the ability of the mutant CPs to accumulate
and encapsidate viral ssDNA has been analysed. In addition,
Flag epitopes were inserted at the N- or C-terminus of the
wild-type coat protein to investigate whether the termini are
buried within the particle or exposed on the surface.Results
Several modifications were introduced into the ACMV
coat protein of infectious virus clones and their infectivity
was investigated upon co-infection with wild-type DNA
B. Single, positively charged sequence motifs of the N-
terminal tripartite NLS (D3–4, D16–20, D3–20, D16–
53), the whole N-terminus (D3–53), or the central trans-
port domain (D100–127) were deleted (Fig. 1; compare
Unseld et al., 2001). In addition, a Flag epitope
(DYKDDDDK) was fused to either the N- or C-terminus
of the wild-type CP. N-terminal mutations also affect the
S. Unseld et al. / Virology 318 (2004) 90–10192overlapping AV2 open reading frame (ORF), but it has been
shown that AV2 of ACMV is not required for infection
(Etessami et al., 1988).
In initial experiments, mutant ACMV DNA A inserts
were excised from the respective monomer plasmid and
rubbed onto Nicotiana benthamiana together with ACMV
DNA B dimer plasmids (pCLV2B; Etessami et al., 1991). All
coat protein mutants induced typical ACMV symptoms.
Although CP expression was observed for all mutants, CP
was not detected in every symptomatic plant (data not
shown). To analyse this aberrant behaviour, DNA was
isolated from symptomatic plants to test whether the intro-
duced mutations were preserved. A fragment encompassing
the common region, the CP gene, and the 3V-termini of REn
and TrAP ORFs (nt. 2700–2779/1–1500) was amplified
using DNA A-specific primers ACMVA2700/21 and
ACMVA1500-rev (Table 1, Fig. 1A), and PCR products
were sequenced directly. Although the mutations were
retained in viral progeny, sequence analysis revealed a
variable number of nucleotides lacking around the MluI site,
which had been used for excision of the DNA A inserts. The
homogeneous PCR products obtained in the sequencing
reactions indicated that a population of identical replicons
had been amplified. Apparently, the termini of the linearised
inoculum DNA had been digested by an exonuclease beforeTable 1
Oligonucleotides used for cloning of ACMV DNA A constructs and amplificatio
Oligonucleotide Sequencea
pBlueMlu-top 5V-AGC TTG ATA TCA CGC GTC TGC
AGC CCG GGG-3V
pBlueMlu-bottom 5V-GAT CCC CCG GGC TGC AGA CGC G
ATA TCA-3V
AV1-AS2-rev 5V-CGA CAT AAT TAC GAG CCC TG-3V
AV1-AS5-rev 5V-CCA GGA GAT ATC ATC ATT TC-3V
ACMVdel1a 5V-CTG AAC TTC GAC AGC CCA-3V
ACMVdel1b 5V-GGA TCC TGG AGT GGA AAT-3V
AV1-AS54-for 5V-CCC ACG ATG TAC AGG ATG TA-3V
ACMVA-AS128-for/25 5V-AAG AAG CAA AAT CAC ACT AAT A
ACMVA-AS99-rev 5V-CCC ACG CGT GAT ATC AAG CCT-3V
AV1-5VFLAG-for 5V-ATG ACG ACG ATA AGA TGT CGA
AGC GAC CAG GAG-3V
AV1-5VFLAG-rev 5V-CCT TGT AAT CCA TAA TTA CGA
GCC CTG ATA ACT G-3V
AV1-3VFLAG-for 5V-GAC GAC GAT AAG TAA TAA ACA
TTG AAT TTT ATT TCA-3V
AV1-3VFLAG-rev 5V-ATC CTT GTA ATC ATT GCC AAT
ACT GTC ATA GAA G-3V
GFPcp-1-for 5V-ATA TCA TCA TTT CCA CTC CAG-3V
GFPcp-1-rev 5V-CTC CTG GTC GCT TCt aCA TG-3V
ACMVA2700/21 5V-GTA TAG AAC ACT TTG GGT ATG-3V
ACMVA1500-rev 5V-AAC CAG GAC ATC ATA ACA GTC-3V
a The MluI site introduced in the polylinker of pBluescript is underlined, the stop
b Numbering according to Stanley and Gay (1983).recircularisation in the plant. In a number of plants, a
frameshift was introduced within the CP gene by the
additional deletions.
To avoid these complications, plasmids with a partial
duplication of the mutated DNA Awere used in the follow-
ing experiments. Virus monomers can be released from these
constructs either by rolling circle replication or by homolo-
gous recombination (Jeske et al., 2001; Preiss and Jeske,
2003; Stenger et al., 1991). Plasmids (Fig. 1A) have been
designed in a way that the mutated portion of the CP gene
was present only once in constructs for N-terminal muta-
tions, but was duplicated in central and C-terminal muta-
tions. All coat protein mutants were infectious in N.
benthamiana. Consistent results from six independent
experiments showed that all mutants produced the typical
severe disease symptoms (leaf curling, chlorosis, and stunted
growth). However, the onset of symptom expression was
usually delayed by 1–2 days and the number of symptomatic
plants plateaued with a delay of 2–4 days compared to
inoculation with the wild-type components. Mutants D3–4,
D3–20, D16–20, D100–127, and Flag:CP achieved wild-
type levels of 90–100% infectivity, whereas mutants D16–
53, D3–53, and CP:Flag were less infectious (70–84%). All
coat protein deletion mutants were only poorly sap-trans-
missible when passaged to other N. benthamiana plants, inn of viral DNA
Locationb Construct
polylinker pBluescript-MluI
TG polylinker pBluescript-MluI
nt. 451–432 pACMVA(D3–4),
pACMVA(D3–20),
pACMVA(D3–53)
nt. 458–477 pACMVA(D3–4)
nt. 506–523 pACMVA(D16–20),
pACMVA(D3–20)
nt. 491–473 pACMVA(D16–20),
pACMVA(D16–53)
nt. 605–624 pACMVA(D16–53),
pACMVA(D3–53)
AT G-3V nt. 827–851 pACMV0.8A(D100–127)
nt. 742–734/
polylinker
pACMV0.8A(D100–127)
nt. 446–464 pACMVA-Flag:CP
nt. 445–425 pACMVA-Flag:CP
nt. 1220–1243 pACMVA-CP:Flag
nt. 1219– pACMVA-CP:Flag
nt. 465–485 pACMVA-CPstop
nt. 464–446 pACMVA-CPstop
nt. 2690–2710
nt. 1500–1480
codon inserted in the coat protein coding sequence is shown in italics.
Table 2
Sap transmission of ACMV mutants
ACMV Infectivitya
(no. infected/inoculated plants)
Wild-type 15/15; 10/10; 10/10; 5/5; 12/12b
D3–4 1/15; 1/20
D16–20 1/15; 1/20
D3–20 1/15; 2/20
D16–53 0/15; 1/20
D3–53 0/15; 1/20
D100–127 1/30
Flag:CP 29/30; 24/30; 28/30
CP:Flag 13/30; 10/30
a N. benthamiana plants were mechanically inoculated with sap of
symptomatic plants previously infected with plasmids containing repeats
of DNA A or DNA B.
b Individual experiments are separated by semicolons.
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fusions (Table 2).
Viral progeny DNA was isolated from systemically
infected leaves of symptomatic plants and amplified by
PCR as described before. The PCR products were either
analysed by restriction or direct sequencing. Both sequence
and restriction analysis confirmed correctly retained muta-
tions when N. benthamiana was inoculated with plasmids
containing partial duplications of DNA A. Fragments of the
expected sizes (370, 444, and 766 bp for wild-type DNA A)
were observed after digestion using StuI (362) and MluI
(734) (Figs. 1A and 2). Only one plant inoculated with D3–
20 showed a faint additional band which was slightly larger
than the expected restriction fragment (marked by anFig. 2. Restriction analysis of viral DNA A fragments after infection. Viral const
above the lanes. Plants were inoculated with DNA A only (DNA A) or co-inocu
symptomatic or non-inoculated (n.i.) control plants each were isolated from new
sequences were amplified by PCR and digested with StuI andMluI. The asterisk ind
WT, wild-type ACMVA component. Sizes of DNA standards (in base pairs) areasterisk in Fig. 2), suggesting that a minor proportion of
the virus population had probably been modified by recom-
bination. No PCR product was obtained from non-inoculat-
ed control plants or from plants that were inoculated with
wild-type DNA A only (Fig. 2).
All viral DNA A mutants produced coat protein of the
expected sizes in symptomatic N. benthamiana plants when
co-inoculated with DNA B (Fig. 3). Coat protein has been
detected in total protein extracts from inoculated as well as
from systemically infected leaves, however, with less CP
with mutant compared to wild-type virus. No coat protein
was found in non-inoculated control plants or in plants
inoculated only with DNA A (Fig. 3).
To examine viral DNA accumulation, total nucleic acids
were extracted from newly developing leaves 3 weeks after
inoculation and analysed by Southern blotting. Plants
infected with wild-type virus accumulated predominantly
viral ssDNA and only minor amounts of viral dsDNA (Fig.
4). Although the ratio of viral ssDNA to dsDNA forms
varied to some extent between individual experiments,
CP:Flag consistently accumulated ssDNA levels compara-
ble to wild-type ACMV in contrast to the other constructs,
which were associated with a marked reduction in the
amount of ssDNA, whereas the level of viral dsDNA
remained similar or slightly increased relative to wild-type
infection in most of the experiments (Fig. 4).
Geminate virions have been observed only in the pres-
ence of viral ssDNA (Francki et al., 1980), and CP is the
only structural protein component. As the N-terminal and
the central NLS likely overlap sequences required for DNAructs used for mechanical inoculation of N. benthamiana plants are shown
lated with DNA A and DNA B. Total nucleic acids from three individual
ly formed systemically infected upper leaves. The CP gene and flanking
icates a restriction fragment which did not show the expected fragment size.
indicated.
Fig. 3. Synthesis of coat protein in infected N. benthamiana plants. Western blot of CP synthesised by CP mutants as indicated above each lane. Plants were
inoculated with wild-type DNA A only (DNA A) or co-inoculated with DNA A and DNA B. Total protein was extracted 7 dpi from inoculated leaves (A) and
13 dpi from symptomatic systemically infected leaves (B) of infected plants or non-inoculated control plants (n.i.). WT, wild-type ACMV. Although polyclonal
antiserum used for detection of CP showed some cross-reactivity with plant proteins, the most prominent bands fit the expected molecular weight of the CP
variants. Sizes of protein molecular mass standards (in kilodaltons) are indicated on the left.
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whether the CP mutants were able to produce stable
geminate virions. Systemically infected leaves from plants
co-inoculated with mutant DNA A and wild-type DNA B
were harvested 3 weeks after inoculation to purify virus
particles by differential and density gradient centrifugation.
Taking a possible change in aggregation behaviour of CP
mutants into account, we saved not only the PEG fraction,
in which geminiviruses are expected, but also the 10,000 
g fraction, in which chromatin, chloroplasts, mitochondria,
and cell walls are enriched. Both were subjected to isopyc-
nic cesium sulfate gradient centrifugation. The gradients
were fractionated and the distribution of viral DNA forms
and coat protein in the gradients was examined by Southern
and Western blotting. Intact virus particles were expected in
gradient fractions at densities of 1.31 to 1.33 g/cm3 (Abou-
zid et al., 1988; Pilartz and Jeske, 1992) corresponding
approximately to fractions 13–18 (Fig. 5, gp). Viral chro-
matin (chr) and naked DNA possess a higher density,
whereas soluble protein should band in top fractions. The
10,000  g pellet contains most of the plant chromatin with
which viral chromatin co-purifies. This fraction contains
open-circular (oc) and covalently closed circular (ccc) DNA,
and the majority of viral heterogeneous linear dsDNA
(Jeske et al., 2001).
In the gradient analysis of the 10,000  g pellet,
predominantly viral dsDNA was detected in fractions 14–Fig. 4. Southern blot analysis of viral DNA forms produced in infected N. bentham
A) or co-inoculated with DNA A and DNA B as indicated. Nucleic acids were ex
inoculated (n.i.) control plants. Five micrograms of total nucleic acids were loaded
single-stranded (ss) and supercoiled (sc) DNA forms are indicated.22 for all mutants, including the CP null mutant CPstop (Fig.
5). Coat protein was present in these fractions when virus
was prepared from plants infected with wild-type virus,
CP:Flag fusions, D3–4, or D16–20, but not with D3–20,
D16–53, D100–127 or CPstop (Fig. 6).
In the gradient analysis of PEG pellets, viral ssDNA was
only unequivocally identified for the wild-type virus because
the corresponding band possessed the characteristic diffuse
appearance between oc and cccDNA. In the case of the
mutants, ssDNA is difficult to discriminate from linear
dsDNA, which comigrates with ssDNA in this gel system.
Remarkably, the viral dsDNA in oc and ccc conformation is
most prominent for D16–20, Flag:CP and, to a lesser extent,
for CP:Flag. Compared to wild type, these DNA forms are
shifted to lower densities, indicating the binding of addition-
al protein to the viral minichromosomes. In the case of D16–
53, this population of molecules was only present in the
gradient analysing the 10,000  g pellet.
In the gradient analysis of the PEG pellet, coat protein
was only detected in significant amounts for wild type, D16–
20, D3–4, Flag:CP, and CP:Flag, (Fig. 6). In addition to the
full-length CP, two smaller proteins in variable amounts were
specifically detected with the ACMV-specific antiserum in
preparations from wild-type virus or the CP:Flag mutants
(Fig. 6, arrowheads). Using monoclonal anti-Flag antibodies,
a specific signal was obtained in CP:Flag but not Flag:CP
(Fig. 6), suggesting that the two minor protein bands areiana plants. Plants were mechanically inoculated with DNA A only (DNA
tracted 21 dpi from newly expanding upper leaves of symptomatic or non-
on each lane. The blot was hybridized with a DNA A-specific probe. Viral
Fig. 5. Representative Southern blots of viral DNAs from cesium sulfate density gradient fractions. Virus was purified by differential centrifugation 21 dpi from
infected N. benthamiana plants. Viral constructs used for inoculation together with DNA B are shown on the left. Viral DNA was detected with a DNA A-
specific probe. The positions of viral single-stranded (arrowheads) and double-stranded DNA forms are indicated (oc: open-circular; lin: linear; ccc: covalently
closed circular). Fractions containing predominantly geminate particles (gp) or minichromosomal complexes (pchr: precipitated viral chromatin, schr: soluble
viral chromatin) are indicated. X denotes the migration front of unidentified nucleic acids and nucleoprotein complexes. The 1, 10, and 100 pg full-length DNA
A (2779 bp) released from pACMVA by digestion with MluI were separated as standards in the last three lanes (S).
Fig. 6. Western blot analysis of ACMV coat protein in cesium sulfate density gradient fractions as in Fig. 5. Two (D16–53 and CPstop) or three fractions (wild-
type, D3–4, D3–20, D16–20, D100–127, Flag:CP, and CP:Flag) of the cesium sulfate gradients were pooled, and protein precipitated from a 15-Al aliquot of
these pools was separated in each lane. Unless stated otherwise (a-Flag: monoclonal anti-Flag antibodies), coat protein was detected with a polyclonal
antiserum raised against ACMV particles. The position of mutant and full-length coat proteins is shown by arrows, arrowheads indicate the position of shorter
CP gene products probably originating from internal translational start events.
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Fig. 7. Electron micrographs showing viral nucleoprotein particles found in
the geminate particle fraction (gp in Fig. 5) of cesium sulfate density
gradients of PEG pellets. Predominantly geminate particles can be seen in the
overview for preparations from wild-type ACMV-infected N. benthamiana
plants (on the left), whereas most of the particles observed in preparations
from Flag:CP-infected plants (on the right) appear amorphous. Examples of
twinned icosahedral particles are shown at higher magnification in the insets.
Samples were stained with 1% uranyl acetate. Scale bar represents 200 nm,
for inserts 50 nm.
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nal translation start sites. Only faint bands of D3–20 CP
were observed in fractions 13–18, whereas D100–127 CP
banded at a density typical for soluble protein (Fig. 6). No
coat protein was found in preparations from plants infected
with D16–53 or CPstop.
CP-containing fractions were pooled, dialysed, and ex-
amined by electron microscopy (Fig. 7). While much virus
particles were observed in plants infected with wild-type
ACMV, only rare examples of geminate particles were seen
in plants infected with the CP:Flag mutants, and none were
seen in all other mutants. The majority of particles appeared
amorphous. Concerning the few geminate particles in the
Flag fusions, it is difficult to exclude that they have been
produced by revertants or internal translation start sites.
Neither the amorphous structures nor the geminate particles
were found to be decorated when anti-Flag antibodies were
co-incubated with gold-labelled secondary antibody (data
not shown). These results are consistent with the model of
geminivirus CP (Zhang et al., 2001) in which both termini of
the coat protein are buried inside the particle.
To test virus particle stability before purification, crude
sap of plants infected with wild-type virus or all mutants was
analysed by immunosorbent electron microscopy according
to Milne and Lesemann (1984) using a 1:5000 dilution of
anti-CP antibodies. As with the purification procedure, only
wild-type virus showed reliable geminate particles.Discussion
Our results confirm that sequences within putative nucle-
ar import and export signals of ACMV CP are essential for
accumulation of viral ssDNA and virion formation during
the viral life cycle, although infectivity and symptom devel-
opment are only marginally impaired.
Little is known about the multimerisation of geminivirus
coat proteins. Using an in vitro binding assay, the multi-
merisation domain of squash leaf curl virus (SCLV) CP wasmapped in the N-terminal 97 amino acids, overlapping the
DNA binding domain (Qin et al., 1998). Hallan and Gafni
(2001) recently proposed a model for dimer formation of
TYLCV capsid protein. Based on the results obtained in a
yeast two-hybrid study, they suggested that N-terminal
amino acids of one CP interact with C-terminal amino acids
of another subunit. Amino acids in the central portion of the
protein, which were previously identified to interfere with
TYLCV particle formation (Noris et al., 1998), were found
to influence the homotypic interaction. Viral DNA was
included in neither of these interaction studies however.
In analogy to T = 1 satellite viruses, MSV CP was
modelled as an eight-stranded h-barrel motif with an N-
terminal a-helix, whereby the latter plays a central role in
maintaining the geminate virion morphology and icosahedral
symmetry of the two heads. The N-terminal a-helices
converge at the local threefold axis and form end-to-end
contacts that span the gap between the two incomplete
icosahedra. Amino acids in the middle portion of the protein
are part of the h-strands or loops between the h-strands.
While some of the loops are exposed at the local fivefold
axes of the capsomers, others point toward the intercapsomer
interfaces (for details, see Zhang et al., 2001). Although coat
proteins of different genera show only limited sequence
homology (Padidam et al., 1995a), it is thought that all
members of the family Geminiviridae share more or less
the same overall coat protein and geminate particle structure.
According to the model of Zhang et al. (2001), all of the
engineered mutations described in this study would overlap
sequences previously identified to be implicated in DNA
binding or multimerisation (Hallan and Gafni, 2001; Liu et
al., 1997; Noris et al., 1998; Qin et al., 1998; Zhang et al.,
2001) and larger deletions (D16–53 and D100–127) are
likely to affect the secondary structure of ACMV CP.
The attempt to purify virus particles from infected N.
benthamiana plants indicated that none of the ACMV CP
deletion mutants produced stable geminate virus particles
and that even short deletions in the N-terminus of ACMV CP
(D3–4 and D16–20) prevented virion assembly. Corre-
spondingly, the deletion mutants were poorly sap transmis-
sible. It is assumed that production and maintenance of the
characteristic twinned particle morphology depends on
nucleic acid–protein bonding, and geminate particles have
been only observed in the presence of genomic ssDNA
(Francki et al., 1980). Thus, no stable virus particles would
be produced if the formation of stabilising protein–protein
and protein–nucleic acid interactions was impaired.
With the exception of CP:Flag, infections with coat
protein mutants were associated with a marked reduction
in the accumulation of viral ssDNA (Fig. 4). This phenom-
enon has been attributed to either enhanced instability of
unencapsidated ssDNA in vivo or during extraction, or some
regulatory effect of the coat protein on the switch from viral
dsDNA replication to ssDNA replication (Stanley and Town-
send, 1986). Results obtained with SLCV indicated that the
ability of the CP to enter the nucleus and bind ssDNAwas a
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assembly of virion capsids was not required, suggesting that
the CP not only sequesters viral ssDNA from the replication
pool but that it also has a direct role in regulating viral
replication. (Qin et al., 1998). Correspondingly, Padidam et
al. (1999) observed the accumulation of ssDNA when they
substituted the CP of Tomato leaf curl New Delhi virus
(ToLCNDV) with a nonspecific ssDNA binding protein, g5p
from E. coli phage M13, but g5p did not reduce the amount
of dsDNA to wild-type levels.
Based on our findings for GFP:CP fusion proteins
(Unseld et al., 2001), none of the deletions introduced into
the transport determinants of the ACMV coat protein was
expected to completely abolish nuclear import of the CP.
Each of the three transport domains (amino acids 1–69,
100–127, and 201–258) directed the GFP reporter protein to
the nucleus, and exposure of the apparently redundant NLS
sequences is probably determined by DNA binding, multi-
merisation, or post-translational modification of the coat
protein. Nuclear targeting of the GFP fusion protein was
not affected when lysine and arginine at positions 3 and 4 in
ACMV CP (Fig. 1B) were substituted with alanine (single
mutations as well as double mutations) (Unseld et al., 2001).
By contrast, amino acid residues 16–20 were identified as an
important element of the N-terminal tripartite NLS, but
deletion of the whole N-terminal nuclear targeting signal
did not prevent nuclear import of the fusion protein when the
central and the C-terminal NLS were still present. Therefore,
we assume that all the coat protein deletion mutants used in
this study retained the capacity to reach the nucleus where
they are supposed to fulfil their protective or regulatory
function.
Nuclear localisation signals often overlap or lie near the
nucleic acid binding motifs (LaCasse and Lefebvre, 1995)
and this seems to be true for the coat protein of geminivi-
ruses. The coat proteins of several geminiviruses have been
found to bind single- and double-stranded DNA in vitro in a
sequence nonspecific manner (Ingham et al., 1995; Liu et al.,
1997; Palanichelvam et al., 1998). The DNA binding domain
has been mapped in the N-terminal part of the proteins (Liu
et al., 1997; Qin et al., 1998). Although it has been shown in
some cases that NLS and DNA binding motifs can be
mutated independently without disrupting the other function
(Matheny et al., 1994; Varagona and Raikhel, 1994; Vara-
gona et al., 1992), it has been postulated that the basic nature
of some NLS sequences might enhance DNA or RNA
binding (LaCasse and Lefebvre, 1995).
The distribution of viral DNA forms and coat proteins in
cesium sulfate density gradients of the PEG pellet suggests
that wild-type coat protein binds preferentially to viral
ssDNA, whereas the distribution patterns for D3–4, D16–
20, Flag:CP, and CP:Flag indicate that these mutant CPs
retained the capacity to bind both viral ssDNA and dsDNA.
Since the in vitro binding studies performed for SLCV and
TYLCV coat proteins suggested that these CPs bind ssDNA
more avidly than dsDNA (Ingham et al., 1995; Palanichel-vam et al., 1998) and accumulation of ssDNA was dimin-
ished in mutant-infected plants, binding to dsDNA may be
explained with excess CP. Alternatively, the mutations may
impair ssDNA binding more strongly than dsDNA binding.
Qin et al. (1998) demonstrated that the affinity of SCLV CP
for ssDNA was reduced when basic amino acid residues in
the N-terminal region were substituted with alanine, and a
similar effect may account for the observed phenotypes of
D3–4 and D16–20. In addition, the basic amino acids in the
outermost N-terminus of ACMV-CP seem to be critical for
CP organisation or stability of the virions because no
geminate particles were observed by electron microscopy.
The importance of N-terminal CP sequences for accumula-
tion of ssDNA is confirmed by the behaviour of the two
Flag fusions. Although both proteins are wild type in respect
to the coat protein sequence, amounts of ssDNA comparable
to a wild-type infection were only detected when the Flag
epitope was tagged to the C-terminus. The Flag epitope is
rich in aspartic acid and the high negative charge at the N-
terminus might interfere with DNA binding or the regula-
tory role during virus replication. The low amounts of
geminate virus particles detected in plants infected with
Flag-tagged coat protein mutants indicate that multimerisa-
tion properties of ACMV CP were diminished by the
terminal tag. Therefore, multimerisation might impose strin-
gent size constraints on the coat protein. Alternatively, the
few particles identified may represent revertant viruses,
which were generated in some of the plants pooled for the
preparation of virus particles. No stable viral nucleoprotein
complexes were observed for D16–53, D100–127, and
CPstop (Figs. 5 and 6). As mentioned before, larger dele-
tions introduced in the putative NLS sequences probably
directly affect the secondary structure of the protein, al-
though they were apparently short enough (deletions up to
153 bp) to be maintained when inocula contained tandemly
repeated ACMV DNA sequences. It has been reported that
mutants of ACMV DNA A tend to revert to a size similar to
that of the wild-type genomic component if large deletions
(deletions of 195–961 bp) are introduced in the coat protein
gene (Etessami et al., 1989), but not if smaller deletions (76
bp) are engineered (Stanley and Townsend, 1986). Size
selection is possibly associated with cell-to-cell movement
and not with packaging constraints because mutants lacking
CP show the same effect (Etessami et al., 1989; Klinkenberg
et al., 1989).
The low buoyant density of viral chromatin, co-purified
with host chromatin during the first centrifugation (density
gradients of 10,000  g pellets), suggested that viral
chromatin was probably associated with nuclear matrix
proteins. CP-containing structures were either associated
with viral chromatin during their formation or trapped within
host chromatin and released during centrifugation, as viral
ssDNA, dsDNA, and CP were present in the same fractions
(fractions 14–22) of the gradients for wild-type ACMV,
D3–4, D16–20, Flag:CP, and CP:Flag. Since these com-
plexes were similar in both gradients and did not differ in
S. Unseld et al. / Virology98their behaviour during centrifugation, we assume that the
mutant coat proteins did not have a greater propensity to
aggregate.
Further experiments will elucidate details concerning the
interactions of the CP with viral ssDNA and will provide
more information about the kind of interactions required for
multimerisation.Materials and methods
Construction of clones
Genomic A and B components of ACMV Kenyan strain
(Stanley and Gay, 1983) were used in these studies,
nucleotides were numbered according to Stanley and Gay
(1983).
ACMV DNA A monomer clones
The unique EcoRI site of pBluescript KS(+) was replaced
with an MluI site by linker ligation using oligonucleotides
pBlueMlu-top and pBlueMlu-bottom (Table 1; pBlue-MluI).
A full-length ACMV DNA A monomer was excised from
plasmid pCLV1.3A (Klinkenberg et al., 1989) as an MluI
fragment and inserted into the MluI site of pBlue-MluI
(pACMVA). Mutants of pACMVA were constructed by
amplification of the cloned viral insert and the entire pBlue-
script vector with appropriate primers (Table 1) and religation
of the blunt-ended PCR products. The resulting constructs
were sequenced by automatic sequence analysis with the Li-
Cor system to confirm the presence and accuracy of the
desired mutation. For cloning of pACMVA(D3–4), an
SphI(2581)–SpeI(multiple cloning site (MCS) of pBlue-
script) fragment (Fig. 1) encompassing the deletion of
nucleotides 452–457 was subcloned into the wild-type A
component background. The deletion of nucleotides 743–
826, resulting in the deletion of amino acids 100–127 of the
coat protein, was first introduced into a partial clone of
pACMVA (pACMV0.8A; see below). For construction of
the full-length clone [pACMVA(D100 – 127)], the
SphI(2581)–SpeI(MCS of pBluescript) fragment of this
partial clone was replaced with the respective restriction
fragment of pACMVA.
Partial clones of ACMV DNA A
Partial clones of ACMV DNA A (pACMV0.8A) and the
mutant plasmids pACMV-CPstop and pACMV-CP:Flag
(pACMV0.8-CPstop and pACMV0.8-CP:Flag) were pro-
duced by deletion of the two smallest BamHI restriction
fragments and religation of the remaining monomer plas-
mids resulting in the deletion of nucleotides 291–734 of the
DNA A component (deletion of the AV2 coding sequence
and the 5V-terminal sequence of the CP gene; pACMV0.8A;
Fig. 1A). pACMV0.8(D100–127) was produced by ampli-
fication of pACMV0.8A with primers ACMVA-AS128-for/
25 and ACMVA-AS99-rev (Table 1).ACMV DNA A 1.8-mer clones
Partial repeats of wild-type and mutant ACMV DNA A
were produced by introducing a full-length DNA A fragment
into the unique MluI site of pACMV0.8A [pACMV1.8A,
p ACMV1 . 8 A (D3 – 4 ) , p ACMV1 . 8 A (D3 – 2 0 ) ,
pACMV1.8A(D16 – 20) , pACMV1.8A(D16 – 53) ,
pACMV1.8A(D3–53), and pACMV1.8A-Flag:CP]. For
c lon ing of p l a smids pACMV1.8A(D100 – 127) ,
pACMV1.8A-CP:Flag, and pACMV1.8A-CPstop, mutant
virus monomers were inserted into the unique MluI site of
the respective partial clones.
Inoculation of plants
N. benthamiana seedlings (five leaf stage) were either
mechanically inoculated with monomers, partial duplica-
tions, or dimers of viral DNA. Viral DNA A monomers
were liberated by digestion of the monomer plasmids with
MluI, plasmids containing duplications of DNA A or DNA B
(plasmid pCLV2B; Etessami et al., 1991) were used directly
for mechanical inoculation without previous restriction of
the cloning vectors. DNA Awas mixed with pCLV2B (1 Ag
of each component) and rubbed onto carborundum-dusted
leaves. Virus was passaged from systemically infected N.
benthamiana. Two young symptomatic leaves were ground
in 1-ml water and 10-Al plant sap was rubbed onto carbo-
rundum-dusted leaves.
Plants were scored for symptoms, and the newly formed
upper leaves were collected for Southern blot analysis 3
weeks after inoculation.
Characterisation of viral DNA
Total nucleic acids were extracted from plants as de-
scribed by Frischmuth and Stanley (1991). Samples were
analysed either directly by agarose gel electrophoresis or by
PCR methods and sequencing. Samples containing 5 Ag total
nucleic acids were run on agarose gels in 0.5 TBE [44.5
mM Tris–HCl, 44.5 mM boric acid, 1 mM ethylene diamine
tetraacetate (EDTA)], and viral DNA forms were detected
using DIG-labelled (Boehringer kit #1585606) probes spe-
cific for each genomic component [EcoRV(464)–SphI(2581)
fragment of ACMV DNA A; PstI(245)–EcoRV(2550) frag-
ment of ACMV DNA B]. The integrity of the mutant viral
DNAwas either determined by restriction fragment analysis
or sequencing of the CP gene. The CP open reading frame
and flanking sequences were amplified by PCR with primers
ACMVA2700/21 and ACMVA1500-rev (Fig. 1, Table 1) and
the PCR product was digested with restriction enzymes
StuI(362) and MluI(734) or used as template DNA for
sequencing.
Detection of coat protein in infected N. benthamiana
Inoculated leaves and systemic leaves were harvested
from symptomatic plants 7 or 13 days after inoculation
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Frischmuth and Stanley (1998). For each sample, 10–15
Al was analysed by SDS-PAGE on 12.5% polyacrylamide
gels, using a discontinuous buffer system (Laemmli, 1970).
Proteins were transferred to nitrocellulose (Schleicher und
Schuell) using a semidry transfer assembly (Bio-Rad).
ACMV coat protein was visualised using a 1:1000 dilution
of polyclonal antiserum raised against purified ACMV
(Townsend et al., 1985). Blots were developed using
alkaline phosphatase-conjugated goat anti-rabbit IgG
(Rockland).
Virus purification
Young systemic leaves (2.5–3.5 g) were harvested from
symptomatic N. benthamiana plants 17–19 days after inoc-
ulation and virus was purified by differential and density
centrifugation. Leaf material was homogenised at 4jC in 0.1
M Na2H2PO4 buffer, pH 7.0, containing 2 mM EDTA, 10
mM Na2SO3, 10 mM NaN3, and 1% (w/w) poly(vinylpoly-
pyrrolidone) (PVP; Sigma P6755), pH 7.0, using approxi-
mately 10 ml/g leaf tissue. The homogenate was filtered
through four layers of gauze and centrifuged at 10,000 rpm
for 20 min at 4jC (Sorvall HB6 rotor). The pellet of this first
centrifugation step (10,000  g pellet) was resuspended in a
total volume of 13.5 ml sodium borate buffer, pH 8.0,
containing 26% (w/w) Cs2SO4 and centrifuged for 20 min
at 10,000 rpm (Sorvall HB6 rotor). The supernatant is
referred to as 10,000  g fraction.
The supernatant of the first centrifugation step was mixed
with half a volume of chloroform and themixture stirred for at
least 1 h at 4jC. After clarification by low-speed centrifu-
gation (5000 rpm, 15 min, Sorvall HB6 rotor), polyethylene
glycol (PEG) 6000 [final concentration (f.c.) 4%] and NaCl
(f.c. 0.2 M) were added to the aqueous phase. After rolling
this mixture overnight at 4jC, the precipitated material was
sedimented at 10,000 rpm for 20 min (Sorvall HB6 rotor) and
resuspended in borate buffer and Cs2SO4 as above (PEG
fraction). Both, the ‘‘10,000  g fraction’’ and ‘‘PEG
fraction’’ were centrifuged at 50,000 rpm for 16.5 h at 4jC
using a Beckman VTi65.1 rotor. The 34–36 fractions were
collected from the bottom of the tube after centrifugation.
Analysis of particle preparations
Southern blot analysis
Samples (10 Al) of each fraction were diluted with 40
Al 10 mM Tris–HCl, 1 mM EDTA, pH 8.0, and precipitated
by the addition of 2 Ag yeast RNA, 5 Al 3 M sodium
acetate, pH 4.8, and 100 Al ethanol. The samples were
washed twice with 70% ethanol, resuspended in DNA
loading buffer, separated by agarose gel electrophoresis
(1% agarose in 0.5 TBE containing 0.03% SDS), and
transferred to Hybond nylon membranes (Amersham).
Southern blots were hybridized with DIG-labelled DNA
A-specific probes.Western blot analysis
Aliquots (15 Al each) of two (D16–53 and CPstop) or
three fractions (wild-type, D3–4, D3–20, D16–20, D3–53,
Flag:CP, and CP:Flag) of the cesium sulfate gradients were
pooled, precipitated as described above, resuspended in
SDS-PAGE loading buffer (2% SDS, 10% glycerol, 0.1 M
dithiothreitol, 62.5 mM Tris–HCl, pH 6.8, 0.01% bromo-
phenol blue), boiled for 5 min, and separated in 12.5%
polyacrylamide gels (Laemmli, 1970). Proteins were immu-
noblotted and detected as described above. Anti-Flag mono-
clonal antibody M2 (Stratagene) was used at 1:1000 dilution.
Electron microscopy
Selected fractions of the Cs2SO4 gradients were pooled
and dialysed against 0.1 M sodium borate buffer, pH 8.0.
Drops (10 Al) were incubated for 1 min on formvar- and
carbon-coated grids, rinsed with 30 drops of water, and
stained with 1% uranyl acetate and 250 Ag/ml bacitracin.
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